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Abstract-In this work we introduce the use of the per-band link
control method in cascades of distributed fiber Raman amplifiers
(DFRAs) for compensating power transients of WDM channels.
By using two compensation channels, each one controlled by a
proportional-integrative electronic control circuit and assigned to
a particular signal band, the power excursion achieved in the
surviving channels, in a cascade of 10 DFRAs, is reduced from
4.88 dB to 0.24 dB, when 17 out of 20 channels are added or
dropped. By adding more compensation channels, this transient
protection technique can be extended to wideband DFRAs
applications.
Keywords-Distributed Raman amplifiers, link control
protection.
I. INTRODUCTION
Distributed Fiber Raman Amplifiers (DFRAs) have become
innovative photonic devices that have allowed to exploit the
potential of wavelength division multiplexed (WDM) optical
systems. These amplifiers may provide bandwidths as large as
12 THz, flexible gain and bandwidth design, low noise, and
great capacity to mitigate fiber nonlinearities effects. These
characteristics make DFRAs advantageous optical components
compared with traditional lumped fiber amplifiers such as
Erbium-Doped Fiber Amplifiers (EDFAs) [1]. However, the
use of DFRAs in Wavelength-Routed Optical Networks
(WRONs) has certain impairments, similar to those present
when using EDFAs, since the optical power into the network
continuously changes. WRONs may actually present a variable
number of channels, due to a dynamic reconfiguration of the
network (e.g. for fault correction), channel addition/removal at
nodes, or due to increasing network capacity [2]. Depending on
the situation, the number of channels may go up or down,
giving rise to power transients at the output of the DRFAs,
representing a major limitation to the performance of WDM
networks. If some channels are dropped, the power in the
surviving channels may surpass the threshold above where the
fiber nonlinearities can no longer be neglected. If channels are
added, the power in the surviving ones diminishes, and may
fall below the receiver sensitivity. In order to maintain the
overall network performance, the power of the surviving
channels must be kept within acceptable limits. For that,
several transient control techniques have been proposed, of
which the main three are referred to as pump control, link
control, and laser control [3]-[9]. One of them, the link control
protection technique [4], is preferred for its simplicity and
efficiency. In this work we investigate the application of this
technique, but over the basis of segmented bandwidth, referred
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to here as per-band link control protection method, for
suppressing power transients in cascades ofwideband DFRAs.
This work is organized as follow. Section II describes the
general aspects associated to the link control technique applied
to a cascade of DFRAs. Section III presents the mathematical
model of the DFRA. Sections IV and V show simulation
results after applying the link control protection technique to a
cascade of 10 DFRAs. Section VI introduces the per-band link
control scheme and its application to transient suppression in a
wideband DFRA cascade. Finally, conclusions are presented in
Section VII.
II. LINK CONTROL PROTECTION TECHNIQUE
The link control technique was originally developed for the
transient control in cascades of EDFA and presented for first
time by Zyskind et al in 1996 [4]. It is worth mentioning that
the word "link" refers to a network segment between two
nodes, where channels can be added or dropped.
When the link control technique is applied to a cascade of
DFRAs, a control signal, with wavelength Ac' is inserted before
the first amplifier of the link, by using a wavelength select
coupler (WSC1) , and is dropped before the last amplifier of the
link (WSC2) to avoid unnecessary load on the network. The
power of the control signal is continuously adjusted by using
an electronic feedback circuit, so that the total power at the
input of the first amplifier is kept constant. Hence, the load on
all amplifiers of the link is also constant, avoiding power
transients. The control circuit is a proportional-integrative
electronic control, whose mathematical representation is [10]:
. d~c(z=O,t) =k R() k . dR(t) (1)
'z p t + P'zdt dt
where Pcc(z=O,t) is the power of the control channel at the
input of the first amplifier as a function of time. The
parameters kp and t, represent the gain of the proportional and
integrative error, respectively, which are used in the feedback
loop. The error function R(t) is defined as [10] :
R(t)=[~ot(z=O,t=O)-~ot(z=O,t)] (2)
where Ptot(z=O,t)= L.k=J,NPk(Z=O,t) is the total power, including
signal and control channel, at the input of the amplifier. The
values of the parameters kp and t, are determined based on the
dynamic of the feedback loop. Considering a control circuit
response time of 4 us (typically associated to real electronic
components), the values of these parameters are kp=100 and
tr- 10-6 .
700
(3)
Figure I. Schematic representation of the 10 DFRAs cascade incorporating
link control protection. WRN: wavelength routed node; WSC: wavelength
select coupler ; LD: laser diode; PO: photo detector ; ISO: isolator; A,'An:
WDM channels wavelength , Ac: compensation channel wavelength .
III. TH EORETICAL MODEL
In order to evaluate the performance of the proposed
method when controlling transients in DFRAs , we have used
the dynamic model of DFRA derived in [10] for our
simulations. This model takes into account the generation and
propagation of spontaneous emitted noise, generated by
spontaneous Raman scattering process. In this work, we
analyze WDM systems with a channel spacing separation of
less than 1 nm, so both spontaneous Stokes and anti-Stokes
need to be undertaken [11]. This is because the gain/depletion
caused by the spontaneous anti-Stokes process cannot be
neglected in this case when being compared to the energy
transfer produced by spontaneous Stokes Raman scattering.
Thus, when the attenuation of the fiber, Rayleigh
backscattering, stimulated Raman scattering, and spontaneous
Stokes and anti-Stokes scattering are considered, the
propagation equation for co- and counter-propagating pumps,
WDM channels , and spectral components of amplified
spontaneous emission (ASE) powers, r (z.t, 0, r(z,t, 0,
describing their evolution in space and time, takes the form
shown in equation (3). In this equation, vg(0 and a(v) are the
group velocity and fiber loss coefficient at the frequency V,
respectively , y(v) is the Rayleigh backscattering coefficient;
gil j,'-t:} is the Raman gain coefficient for an optical frequency
difference (J..'-t:); Keif is the polarization factor between pumps
and Stokes signals; Aeif is the effective interaction area of the
fiber; h is the Planck constant; k is the Boltzmann constant; and
T the absolute temperature of the fiber.
In order to obtain the evolution of the optical waves
propagating along the fiber, in both space and in time domain,
we solve equation (3) using a finite difference method, where
discrete space and time domain elements are used in a grid of
MxN bins, with width Sz and b.t, respectively. The equations
are iteratively integrated for z=mb.z (m=I,...,M), at each time
t=nb.t (n=I ,...,N). For each space (mb.z~(m+I)b.z) and time
(nb.t~(n+1)b.t) increment, the corresponding variables are
assigned values using their first order derivates. Note that the
analysis carried out in this work focuses on systems based on
cascades of DFRAs, so at each amplification stage the response
of the previous stage is used as the initial condition for the next
stage in the cascade.
IV. N UMERICAL SIMULATIONS
Fig. 1 shows a schematic diagram of a transmission system
between two wavelength-routed nodes (WRNs), which
includes a cascade of 10 counter-propagating DFRAs with link
control protection before the first amplifier. Each amplification
stage is implemented by using 40 km of standard single mode
fiber; with fiber attenuation coefficient of 0.19 dB/km at the
channel wavelengths and 0.23 dB/km at the pump
wavelengths, a peak Raman gain value (g/l(J..'-t:}IAejJ) of
0.76.10-3 m'lW'I, and a wavelength-dependent Rayleigh
scattering coefficient}{A) = 2.35 IOxIO·25jJ, 3 [12].
In order to control the power transient of the channels when
increasing/decreasing the total power at the input of the
cascade , a compensation channel is added before the first
DFRA in the link, and dropped after the last DFRA, by using
wavelength selected couplers (WSC) , as shown in Fig. 1. A
portion of the total power of the WDM channels is detected at
the input of the first DFRA, in order to have a feedback for the
link control module. Transient control is carried out by
automatically adjusting the power of the compensation
channel , by applying a fast proportional-integrative electronic
control circuit (PI controller), aiming at maintaining a constant
total input power into the first DFRA. Thus, the channel
loading is kept constant for all the DFRAs in the link.
In this work we have considered the propagation of 20
WDM channels at wavelengths ranging from 1545 nm (Ch. 1)
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to 1560.2 nm (Ch. 20), with 0.8 nm spacing and input power of
odBm/ch. Each DFRA is counter-directionally pumped with
two optical pumps, at 1454 nm and 1461 nm, with 190 mW
and 160 mW, respectively. These conditions allow us to
compensate for the fiber loss along the 40 km span.
To simulate channel removal/addition, the channel
number 20 (1560.2 nm) has been used as a compensation
channel, while some of the WDM channels are 100% square-
wave-modulated with 500 Hz frequency.
V. CLASSICAL LINK CONTROL SCHEME
In this case, we analyze the situation when the classical link
control scheme is used [10]. For that, 9 and 18 out of 20
channels are added/dropped at the input of the first DFRA. In
the first case, channels number 2,4,6,8, 10, 12, 14, 16 and 18
are on/off modulated, while in the second case, channels
number 2 to 19 are modulated. Power transients are observed
from the surviving channel (Ch. I). Fig. 2 shows the power
variation of the surviving channel at the output of DFRA#I in
both cases. We can observe that the power variation of the
surviving channel reaches 0.37 dB when no control is applied
in the first case (adding/dropping only 9 channels), while in the
second case, the power transient reaches 0.7 dB (when
adding/dropping 18 channels). When using the control channel
in the system (channel 20 at 1560.2 nm), transients are reduced
down to 0.085 dB and 0.14 dB for the first and second cases,
respectively. Even if the power transient of the surviving
channels is reduced, there is still a transient which cannot be
accepted at the output of the first amplifier of a link. This
transient will be amplified along a cascade of DFRAs,
producing an unacceptable power variation of the surviving
channels at the far end of the link.
Note that Raman amplification systems depend on both the
power level of the involved optical waves and the frequency
difference between them. For that reason, the use of one
control channel is not able to compensate for all the energy
transfer occurring between pumps and signals, giving rise to
the observed power transients. This situation becomes even
worst for broadband transmission systems, where it is clearly
evident that the use of only one control channel is not enough.
In the next section we present a method for compensating
power transients by using several control channels, in order to
get better control performance. In particular, the description
and simulation results -in next section - are shown for the case
of using only 2 channels for compensation.
VI. P ER-BAND LINK CONTROL SCHEME
In Fig. 3 the use of a different link control module is
proposed. This takes into account the use of two compensation
channels, spectrally placed in the WDM transmission band.
Thus, the first control channel (CCl), at wavelength AeI,
compensates channels CI,C2, " 'Cn, at wavelengths AI, 1.2,. " , Av,
while the second control channel (CC2), at wavelength Ae2'
compensates channels CI,C2, ... Cn, at wavelengths An+l,"" Am, as
shown Fig. 4.
The proposed solution requires the link control module
shown in Fig 3 instead of using the one shown in Fig.l.
Modifications consider the inclusion of additional filters in
order to separate channels in two groups and to measure their
total optical power independently. Thus, the optical-bandpass
filter OBPF I selects the channels at 1.1,..., An and Ae l , while
OBPF2 selects channels at An+I, ... , Am and Ae2' With this
DFRA #1
Link control module
... ..... .... .... .... .. .. .... .... ...... .... . .... ....
WRN:
: A.-Amwsc
Control Circuit 2
Control Circuit 1
Figure 3. Schematic representation of new per-band link control module
using two compensation channels (Ae" Icc2)' Two optical band-pass filters
(OBPFu) detect the power variation of each signal band.
..
III
~
a.
Wavelength (A)
- 18/20 without cont rol
. _- 9/20 without control
- ·_ · 18/20 with control
...... 9/20 w ith control
o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Time [ms]
Channell
~, = 1545 nm
Ps = 1 mW
.. ..-. ._------------- ----_ .,
" .
" \! \
; \
: --: :.~..~ ~:~ ~.-.: :~ ~ ~ : ::..~ ~-~~ ;~~~-
I-- _ J ...._ --t
0.9
0.8
ia 0.7
~
... 0.6
c
III 0.5
'u)
c 0.4I'll
..
I- 0.3
..
III 0.2~
0
A. 0.1
0
-0.1
·0.2
Figure 2. Power excursion of surviving channel (Ch.l) at the output of
DFRA#I , with link control on/off when 9 and 18 out of 20 WDM
channel s are dropped/added.
Figure 4. Spectral schematic of the per-band control channel. c" C2, . .. Cn.
Cn+l. Cn+2... c., ; WDM channels ; cc.: compensation channel I; CC2:
compensation channel 2.
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. d~cz(z =O,t) = k 1)() k . dRz(t)
T[ p''z t + pT[dt dt
where R1,2(t) are error functions defined by equation (2). The
values of the parameters kp and t , are the same used for the
case ofa single control circuit.
configuration, the compensation of the two groups of channels
is carried out independently of each other. It is then also
required to use two independent opto-electronic circuits ,
considering different control circuits as shown Fig. 3.
These two independent PI controllers are described by the
following equations [10]:
Figure 6. Power excursion of surviving channel (Ch, I, 1645 nm) at the
output ofDFRA#IO, with per-band link control on/off when 9 and 17 out
of20 WDM channels arc dropped/added,
DFRA#10 into the cascade, when 9 and 17 out of 20 channels
are added/dropped.
It can be clearly seen that, when no link control is used, a
transient of 2.85 dB occurs when 9 out of 20 channels are
added/dropped, and 4.88 dB when 17 out of 20 channels are
added/dropped. However, when using the proposed link control
module, transients are reduced down to 0.24 dB and 0.3 dB
respectively. Results clearly show the effectiveness of the per-
band link control method in Raman amplified broadband
systems.
VII. CONCLUSIONS
An innovative study of the extension of the link control
technique to mitigate power transients in cascades of wideband
DFRAs was presented, considering extreme conditions of
channel adding/dropping. Using comprehensive and rigorous
mathematical models for DFRAs and electronic control
circuits, we simulated and limited the power excursion of
surviving channels in a 10 DFRAs cascade placed in WRONs,
using the per-band link control protection technique. Results
show that the power transients of surviving channels can be
drastically mitigated. In the cascade of 10 DFRAs, the power
variation is reduced from 4.88 dB to 0.24 dB, when 17 out of
20 channels are added or dropped. This suppression of
transients is achieved by simply introducing two compensation
channels at the input of the cascade in order to keep the total
input power constant. This technique shows a good
performance when reducing power transients , even if only two
compensation channels are used, offering a potentially low-cost
implementation. This feature makes this technique a highly
attractive alternative for power transients suppression in broad-
bandwidth WRONs, where more compensation channels can
be used if required.
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In order to verify the effectiveness of the proposed solution,
a simulation is carried out under the same conditions
previously analyzed, but including the two control channels.
Control channel I has been placed at 1552.2 (as Ch. 10), while
control channel 2 has been placed at 1560.2 nm (as Ch. 20),
similar to the case studied in Section V.
Fig. 5 shows the power variation of one of the surviving
channels, the one at 1545 nm (Ch. 1), at the output of the first
DFRA, with and without the new link control module. In this
case, 9 and 17 out of 20 channels are dropped/added at
t=0.2 ms and then added at t=1.2 ms. When the new link
control module is not used, the power variation of the observed
channel reaches 0.33 dB when 9 channels (channels number 2,
4, 6, 8, 11, 13, 15, 17 and 19) are added/dropped. Meanwhile,
0.69 dB is the power transient observed when 17 channels
(number I to 19 and 11 to 19) are added/dropped. However,
when including the proposed link control scheme, those
variations are reduced down to 0.0 I dB and 0.015 dB
respectively, which are acceptable values for the output of the
first amplifier ofthe cascade.
The effectiveness of the proposed method can actually be
evaluated when analyzing the output of the cascade. Thus,
Fig. 6 shows the power variation of Ch. 1 at the output of the
-0.1 L...- ~_~ ~~_~____I
-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Time [ms]
Figure 5, Power excursion of surviving channel (Ch.l , 1645 nm) at the
output of DFRA# I, with per-band link control on/off when 9 and 17 out
of20 WDM channels are dropped/added,
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